1 Active rock glaciers are ice and debris-cored landforms common in cold arid mountains. They 2 have not been widely described in the Patagonian Andes of southern South America and here 3 we provide the first rock glacier inventory for the Jeinimeni region to the east of the 4 contemporary North Patagonian Icefield. Detailed analysis of available satellite imagery and 5 fieldwork demonstrates the presence of 89 rock glaciers across the study region, covering a 6 total of 14.18 km². Elevation is the primary control on rock glacier distribution with 89% 7 existing between 1600 and 1900 m.a.s.l. Aspect also plays a significant role on rock glacier 8 formation with 80% preferentially developed on southerly slopes receiving lower solar 9 insolation. 10 11
12
1. Introduction 13 Rock glaciers are cryospheric landforms formed by the accumulation of ice and debris (Brenning 14 et al. 2012; Lui et al. 2013 ) that creep downslope by the deformation of internal ice (Barsch 15 1996; Haeberli et al. 2006; Berthling 2011; French and Williams 2013, Benn and Evans 2014) . 16 Commonly, rock glaciers have extremely slow flow rates, typically only a few centimetres a year 17 (Stenni et al. 2007 ) and the viscous flow of the debris and ice matrix produces a distinctive 18 surface of ridges, furrows and a steep frontal slope ('toe' or 'snout') (Barsch 1996; Degenhardt 19 and Giardino 2003; Paul et al. 2003; Haeberli et al. 2006; Jansen and Hergarten 2006; Berthling 20 2011). They play a significant role controlling sediment supply in mountainous regions, 21 accounting for up to ~60% of all mass transport in some mountainous areas (Degenhardt 2009). 22 The high insulation capacity of the surface rock cover has been demonstrated to slow the melt 23 of ice within rock glaciers compared to glaciers (Stenni et al. 2007; Gruber et al. 2016) ; they 24 therefore potentially represent important sources of freshwater runoff in semi-and arid-25 mountains (e.g. Brenning 2005; Rangecroft et al. 2014) . 26 27 There has been considerable debate over the origin of rock glaciers based on assessment of 28 their internal structure (Potter 1972; Barsch 1978; Whalley and Martin 1992; Humlum 1996; 29 Haeberli et al. 2006; Krainer and Ribis 2012) . Two main schools of thought have emerged: the 30 'permafrost school' versus the 'continuum school' (Berthling 2011) . Additionally, a landslide 31 model of development has been proposed (Johnson 1974; Whalley and Martin 1992) . Despite 32 the considerable amount of research undertaken to understand the origin of rock glaciers, little 33 consensus has been achieved. However, most workers accept that they reflect persistent 34 permafrost conditions (e.g. Berthling 2011). In many regions rock glaciers are currently 35 developing from glaciers and debris-covered glaciers (Shroder et al. 2000; Monnier and Kinnard 36 2015) and this evolution is likely to continue given future climate warming (Jones et al. 2018) . 37 38 The large-scale distribution of active rock glaciers is predominantly controlled by climate. They 39 are concentrated in periglacial areas characterised by low temperatures and low insolation on 40 shaded slopes with plentiful debris supply from talus slopes and rock headwalls (e.g. White 41 1979; Parson 1987; Brenning 2005; Berthling and Etzelmϋller 2007; Summerfield 2014) .
42
Topographic factors, such as cirque width, the degree of rock wall fracture and, the height of 43 bounding rock headwalls contribute to varying levels of debris supply (Chueca 1992) and it has 44 been hypothesised that rock headwalls play a crucial role in determining the environmental 45 niches within which rock glaciers may develop (Olyphant 1983; Burger et al. 1999; Haeberli et 46 al. 1999; Humlum 2000; Haeberli et al. 2006 Rock glaciers can be classified according to their activity status (Wahrhaftig and Cox 1959) as 54 active, inactive and fossil (relict). Active rock glaciers move downslope through gravity-driven 55 creep as a consequence of the deformation of ice they contain (Barsch, 1992 (Barsch, ,1996 . Commonly, 56 active landforms are characterised by flow-like features (i.e. spatially organised morphometric 57 features, e.g. distinctive surface micro-relief of furrow-and-ridge topography), steep (~30-35°) 58 and sharp-crested front-and lateral-slopes, a 'swollen' appearance of the rock glaciers body, 59 individual lobes, and an absence of vegetative cover (Martin and Whalley 1987; Haeberli et al. 60 2006; Harrison et al. 2008 ). These distinctive morphometric features reflect the viscoplastic 61 properties of the rock glacier. Inactive rock glaciers also contain ice, but are immobile (e.g. 62 Seligman 2009).
64
The presence of rock glaciers in either their active or relict forms has been widely used as 65 permafrost and climatic indicators. For instance, the altitude of rock glacier termini or fronts 66 (minimum altitudinal fronts or MAF) are assumed to mark the lower limit of discontinuous 67 permafrost (Giardino and Vitek 1988; Barsch 1996) . Moreover, the active layer with insulating 68 debris surface covers the ice acting as buffer against high frequency (i.e. seasonal to diurnal) 69 temperature fluctuations (Angillieri 2009). The degradation of permafrost and therefore rock 70 glaciers, associated with projected atmospheric warming, can therefore impact water supplies 71 in the dry Andes and other arid mountain regions (e.g. Trombotto et al. 1999; Brenning 2005; 72 Rangecroft et al. 2015) .
74
Many rock glacier inventories have been created to establish their regional significance and 75 distribution to better understand the environmental variables controlling development and, 76 recently, their potential role as buffered hydrological stores (Schrott 1996; Brenning 2005; Rangecroft et al. 2013 Rangecroft et al. , 2014 . Rock glacier inventories have been created from many of the 78 world's mountain regions including the European Alps (e.g. Dramis et al. 2003; Kellerer-79 Pirklbauer et al. 2012; Marcer et al., 2017) , Newland Alps (Sattler et al., 2016) , the Pyrenees and classified according to a well-established criteria (see Table 1 ). For each rock glacier, key 132 characteristics were identified and measured using the ruler tool and geometry calculations in The activity status of the rock glaciers was established based on assumed ice content using the 142 morphological classification system by Barsch (1996) ( In Jeinimeni 89% of rock glaciers occur between 1600 and 1900 m.a.s.l, the remainder above 207 this. It has been suggested that elevation is a function of the number of available topographic 208 and climatic niches in which rock glaciers can develop (Brenning and Tromobotto 2006; 209 Kinworthy 2016), and the MAF is commonly considered a good approximation of the limit of 210 discontinuous permafrost (Scotti et al. 2013 ). However, as there was no significant difference 211 between the MAF elevation of active and relict rock glacier in the study region it suggests 212 additional factors control the activity level of rock glaciers in the region. However, we speculate that another possibility exists. It may be that our inventory has 243 captured a number of features that are currently undergoing the transition from formerly 244 debris-covered glaciers to rock glaciers. We speculate that these were formerly active glaciers, 245 most probably during the regional Little Ice Age (or perhaps earlier), but have since undergone 246 many years of negative mass balance and are now at various stages of transition from debris-247 covered glaciers to rock glaciers (Huss and Fischer 2016; Jones et al 2018). We therefore find 248 both active and fossil rock glaciers at broadly similar elevations as they undergo this transition 249 at slightly different rates -other factors such as debris supply and availability determine where 250 each landform currently is on this transition. More work is required to test this assertion. 251 252 In the absence of a large-scale dating programme the age of the rock glaciers is difficult to 253 establish. It might be that they started to develop immediately after deglaciation of the region 254 following the regional LGM as the expanded PIS withdrew to the west from the Chacabuco and 255 Jeinimeni regions (Boex et al. 2013; Wolff et al. 2013 ). Alternatively, as suggested above, they 256 might have developed much later during the Holocene, perhaps in response to climatic 257 amelioration following Neoglacial times or the regional Little Ice Age at the end of the 258 nineteenth century. Stephan Harrison is at Exeter University and works on the impacts of climate change in mountain 369 systems. He has worked for many years in Patagonia, and also in the tropical Andes and the Himalaya. 
